This study focuses on simulating atmospheric transport and risk of pollutant emissions from a potential post-combustion carbon capture project using computer modelling. Meteorological data for the year 2000 was used and the CSIRO TAPM model was employed to generate input meteorological data to calculate ground level concentrations of target species. CALMET which is a diagnostic meteorological model was used to restructure 3D wind and temperature data for CALPUFF model using prognostic data from TAPM. CALPUFF was then used to simulate atmospheric dispersion and movement of pollutants. The results showed that concentration values in December were the highest values based on 2000 meteorological data. Sensitivity analysis focused on simulating pollutant movement and dispersion in December using different values for relevant power station operating parameters. The study found that these parameters station can have a large impact on modelled concentration values. The introduction of post-combustion technology at a commercial scale will require appropriate regulations and power station design.
Introduction
Post-combustion carbon capture (PCC) is an innovative technology to remove carbon dioxide (CO2) from the flue gas of coal fired power stations. The main solvent predicted to be used to capture CO2 is an aqueous solution of monoethanolamine (MEA) [1] , e.g. conventional 30% w/w MEA [2] . This amine-based solvent can release volatile organic compounds, ammonia, and amines during absorption process due to the degradation of the solvent in use [1, 2] . After emission to the atmosphere, these compounds can degrade into toxic compounds such as nitrosamines through reaction with OH radicals or photolysis [3] . Most nitrosamines have exhibited carcinogenic effects in laboratory animals and bioassay studies [4] . Formaldehyde is not only emitted from PCC projects, is but also formed in the atmosphere by amines reacting with OH radicals [3, 5] . Formaldehyde is a suspected carcinogen [6] . As commercial scale PCC projects have not yet been widely installed, there are still uncertainties on potential products from PCC projects, and environmental and human health impacts.
To understand the uncertainties and to assess potential risks, previous studies have used computer modelling and European Photochemical Reactor (EUPHORE) chamber experiments to predict impacts of carbon capture projects. CSRIO has conducted carbon capture process using Aspen-Plus process simulation package to estimate potential emissions based on Tarong coal-fired power station [2] . In the simulation, a post-combustion plant can emit a maximum of 885 mg formaldehyde while capturing one tonne of CO2 and a maximum of 8.9 μg nitrosamines (nitrosomorpholine) per tonne CO2 captured [2] . Karl, et al and Nielson, et al [3, 5] have used EUPHORE chamber to simulate atmospheric reactions and to analyse potential oxidation products in the atmosphere. A mechanism for OH initiated oxidation of MEA has been used to simulate chamber experiments [3] . The mechanism includes formation of nitrosamines, and degradation of nitrosamines by sunlight. Nitrosamines have not been detected in any experiments from MEA [5] . However, MEA with NOx presence in capture process can degrade to secondary amines [2] which are confirmed to form nitrosamines from previous research [7] . The nitrosamines would be emitted into the atmosphere with the flue gas. In the atmosphere complex processes of dispersion, transport, and chemical transformation determine the concentrations and fate of the chemical compounds emitted from industrial stacks. These processes are affected by the local terrain and meteorology effects. Computer models have been employed to simulate the movement and dispersion. We have used TAPM model to investigate transport of these species but TAPM does not currently include amine chemistry. CALPUFF is an alternative model to solve the chemistry problem. CALPUFF is a Gaussian puff model which was developed by the Atmospheric Studies Group at TRC Solutions [8] . CALPUFF provides accurate simulation for pollutants in complex terrain domains [8, 9] . This paper presents the development of amine chemistry for input into computer models, and provides results from the KPP pre-processor [10] on amine chemical mechanism in complex atmospheric environment. The paper also provides details on the modification and use of the CALPUFF model for gas phase amine chemistry, and gives results for different input parameters in a sensitivity analysis. The study also considers risk assessment on chemical compounds related to PCC emission as nitrosamines and formaldehyde are carcinogenic.
Methods
In the previous study [11] , TAPM-CTM which is a Gaussian model developed by CSRIO was used to do a simple simulation for amines dispersion and movement without considering atmospheric reactions after emission. To understand generation of amines and their degradation products, it is necessary to include atmospheric reactions of amines and degradations. As CALPUFF is an open source model using FORTRAN codes, the CALPUFF model was chosen for related simulation by adding an amine reactions scheme to it.
KPP box model for MEA related reactions
In order to benefit possible future development and assessment, a numerical method to solve the differential equations required to describe the reaction scheme was considered in model development. The Kinetic Pre-Processor KPP (KPP) was employed to generate FORTRAN codes for amine (MEA) photochemical reactions. The KPP model was treated as a box model where atmospheric chemistry occurs in the absence of dispersion, location, and seasonal variation. The mechanism and kinetic information for MEA and its oxidation products were based on previous EUPHORE chamber studies [3, 5] . Only gas phase reactions were considered in the model development. To reflect the background gas phase chemistry in the atmospheric environment, Carbon Bond mechanism version 6 was combined with the MEA sub-mechanism to perform the numerical integration. The Rosenbrock solver was used for integration of the differential equations of the gas phase reactions [12, 13] . Initial concentrations of the main products were based on the concentrations in the EUPHORE chamber studies. For example, MEA was initially 410 ppb, formaldehyde was 2 ppb, nitramines were 0.1 ppb, and nitrosamines were zero. The KPP model was used to calculate concentrations of MEA, formaldehyde (FORM), nitrosamines and nitramines at time intervals of six minutes. The model was run for 12 hours commencing at 12:00 noon. As nitrosamine can degrade to non-toxic products [14] , the rate of degradation loss of nitrosamines was 1.91×10 -2 cm 3 /molecule/s which was used to setup the KPP run. In the KPP box model, wall loss of MEA is also considered for an individual run which is used to validate the results from KPP.
Develop simple chemical scheme for CALPUFF simulation
There are three main components of the CALPUFF model: CALMET, CALPUFF, and CALPOST. CALMET is a model to generate meteorological data for wind and temperature fields. The data generated from CALMET is placed on a 3D gridded modeling domain. The meteorological data from CALMET can be used typically for CALPUFF domain setting or as an option [8] . CALPUFF is a puff model to process dispersion, chemical transportation and deposition. CALPOST is a tool to process these files generated from CALPUFF and summarize results for highest or second or third highest values for each receptor. In this study, we used 3D meteorological data generated from TAPM as a basis to set up each CALMET run. The data from TAPM is an ASCII format file and machine-independent [8] . To use the data to run CALMET, correct format files are needed. CALTAPM is a tool to transfer the data from TAPM to suitable format files for CALMET. The process was operated under DOS system.
In TAPM model set up, the study area selected was in the upper Hunter Valley, about 200 km north of Sydney. The Hunter valley is a region which includes extensive coal mining, power production and agricultural (mainly viniculture) operations, and two settlements of 10-20 000 inhabitants. The outer modeling grid which is 30 km X 30 km, was centered on -32°23.5" latitude and 150°57.0" longitude. TAPM was configured to have four nested grids at 30 km, 10 km, 3 km, and 1 km resolution. Each grid has 50 by 50 cells and 25 vertical levels. It was assumed that there were only two point sources from a full-scale coal-fired power station. The stack parameters were based on Bayswater Power Station, NSW, Australia, located near the town of Muswellbrook in the upper Hunter. Emission rates for each chemical compounds were based on data determined by CSRIO [2] and corrected for the somewhat different parameters appropriate to Bayswater Power Station. The year 2000 was selected as a representation year for meteorological data simulation. The TAPM model was run for each month of the year 2000. The detailed parameters for the TAPM model runs are shown in Table 1 . CALPUFF is used to simulate chemical reactions in the atmosphere and to account for dispersion. In the original CALPUFF, there are seven chemical mechanisms provided as options [8] . The existing nitrogen and sulphur oxides chemistry in CALPUFF gives a well validated platform to develop the amine chemical scheme for the simulations [15] . Through studying the codes carefully, we decided to use MCHEM =6 chemistry subroutines as a foundation to modify and expand the FORTRAN codes as a new routine to be added into CALPUFF. The new routine is called mq_amines. The reaction mechanism with amine reactions was named as MCHEM=8. Only gas phase reactions in the atmosphere are considered in the MCHEM=8 mechanism. The chemical reactions of amines were based on a previously published reaction scheme [3] . However, nitrosamines degradation was considered in addition according to previous reports [9] . As MEA was the only amine included in this case study, the rate constant for nitrosamine degradation was determined to be 1.91×10 -2 cm 3 /molecule/s for primary amines [9] . In this modified CALPUFF, only amine reaction related code was added as an additional module into the program codes, and the rest of the code remained unchanged. When the amine chemistry option was selected (MCHEM=8), this modified CALPUFF included 13 species in total, and 7 of which are amine chemistry participants: MEA (primary amines), MEAN (N-amino ethanol radical), MEABO2 (C2-amine peroxy radical), MEABO (C2-amine alkoxy radical), HCHO (formaldehyde), NA (nitramines), and NS (nitrosamines). The results after dispersion simulation focus on MEA, HCHO, and NS.
Model sensitivity analysis
As full scale post-combustion carbon capture technology has not been widely used in commercial operation, it was necessary to perform a sensitivity analysis to understand concentration changes due to varying parameters of the power station stacks. After running simulation using Bayswater Power Station parameters, the model parameters were changed to determine the effects of these different parameters on modelled concentrations. Only one variable was changed at any one time in the CALPUFF simulation, other parameters were maintained at the values that existed for Bayswater Power Station. The variables include stack diameter, stack height, exit temperature, and exit velocity. The details of varied parameters are shown in Table 2 . Comparison of the concentration values focus on 1-hour average values. 
Risk assessment and Monte-Carlo model
Risk assessment follows the method of our previous study [11] , @RISK software which is Monte-Carlo simulation model was employed to simulate the risk assessment model for uncertainties and probability of cancer risk caused by exposure to pollutants. The model focused on inhalation exposure and cancer risk probabilities. The inhalation exposure calculation followed the US EPA method by considering atmospheric concentrations, inhalation absorption factor, daily breathing rate, and body weight [16] . The equation for inhalation exposure is shown in eq. (1) below. The risk value calculated by cancer slope factor is shown in equation (2) . Equations (3) & (4) show the conversion between cancer risk and unit risk factors [17] , and risk value calculated by unit risk factor. Values for these variables are listed in Table 3 . Parameters for setting up the risk model were based on different probability distribution functions according to uncertainties, and are also shown in Table 3 .
Where:
Ca=Atmospheric concentration value of chemical compounds (simulated by CALPUFF), EF=Exposure frequency, ED=Exposure duration, BW=Body weight, AT=Average time.
A =Inhalation absorption factor, DBR =Daily breathing rate, CSF = Cancel slope factor, URF = Unit risk factor, ADAFi = Age-dependent adjustment factor for age bin I (unit less) Cancer risk is calculated by multiplying inhalation exposure dose by cancer unit risk factor for toxic compounds. As most nitrosamines are carcinogenic [4] , inhalation unit risk factor of N-Nitrosodimethylamine was used for the calculations in this study. The unit risk factor of nitrosamine used was 1.4×10 -2 (μg/m 3 ) -1 [23] . Formaldehyde inhalation risk factor is 1.3×10 -5 (μg/m 3 ) -1 [24] . The cancer probabilities for individuals was predicted by the @RISK model, using 1000 iterations for the simulation.
Results and discussion

Simulation results from KPP pre-processor
KPP was used to run two different scenarios: (1) simulation of the amine chemistry chamber experiments with wall loss of amine included; (2) . simulation of amines chemistry in the atmospheric environment with wall loss removed. In considering wall loss in the chamber experiment scenario, the KPP was run for 24 hours starting from mid-day 12:00 noon. Modelled output was calculated every six minutes during the process. Figure 1 (a) shows the concentrations change in wall loss of MEA to chamber surface scenario for the first 5 hours simulation. As concentrations of nitrosamines and nitramines were very low, the modeled nitrosamines and nitramines concentrations are increased by a factor of 100 for better visibility. The results show that MEA decreased sharply in the first 3 hours (180 minutes) after simulation started, in good agreement with the EUPHORE chamber experiment [3] . Experiment 3 of this study showed that nitramine concentrations reached their highest value 3 hours after initial exposure to sunlight. Using Proton_Transfer_Reaction Time-of-Flight Mass Spectrometer (PTR-TOF-MS), the highest nitrosamine concentration observed was 0.055 ppb, but the modeled result was 2.953 ppb. In KPP simulation of this study, the nitramines concentration increased to the highest value after 3 hours, which agrees with the observations [25] . The highest value was only 0.00944 ppb. The over-prediction of this trace product could be due to loss of the nitrosamine to the sampling system. There are in addition differences in the reaction scheme used at EUPHORE and that used in the current study: the Module Efficiently Calculating the Chemistry of the Atmosphere (MECCA) included chemistry of C2-C4 alkanes, propene, isoprene and dimethyl sulphide. This study uses Carbon Bond version 6 chemistry scheme to run the simulation. Concentrations of nitrosamines and nitramines demonstrated fast increases at the beginning of the modeled experiment, then decreased mildly. Formaldehyde concentration increased after the model start and reached the highest value at about 4.5 hours from the beginning then began to decrease. The trend of formaldehyde concentration reflects secondary source contributions to the ambient formaldehyde concentrations. Previous study [26] measured formaldehyde value in summer time. The study shows that the secondary sources became a major contributor to ambient HCHO concentration after 9 am, and 70% of the formaldehyde concentrations between 12 pm to 3 pm were from secondary HCHO [26] .
In the case of the amine chemistry in the atmospheric scenario, the results show that the concentration changes were slower than for the scenario including with wall loss. Figure 1 
Results from modified CALPUFF model
Meteorological data that TAPM generated for the finest resolution (1 km) were converted to a 3-Dimensional data output file for input to the CALMET model. The meteorological data from the CALMET model were employed in CALPUFF to simulate pollutant transport and dispersion in the atmosphere. The concentration data were averaged to give 1-hour 24-hour averages time for the 49 × 49 km domain area. The data were processed for individual months. In the case of CALPUFF output data, concentrations were calculated for three target chemical compounds: MEA, HCHO & nitrosamine (NS). The 1-hour and 24-hour average concentrations for the three compound are shown in Figure 2 . Meteorological data for the year 2000 were used in the case study. The three compounds in Figure 2 show that the lowest concentration values were observed in February and the highest concentration in December. Results from April to July show relative low values compared to other months. Previous studies [27, 28] measured formaldehyde concentration in China. Pang and Mu [27] observed that formaldehyde in summer time could be near 5 times higher than the value in winter time at a Beijing sampling site. Huang et al [28] indicated that the highest mean value was found in summer with a factor 4.5 times higher than the lowest mean value which was found in autumn. In the current study results consistent with these were observed apart for February. The highest average values of 0.003556 and 0.003624 μg/m 3 were recorded in December for 1-hour and 24-hour averaging times respectively. MEA and nitrosamine show similar seasonal trends to formaldehyde. The highest value of MEA were found in December with 0.001844 & 0.001879 μg/m 3 for 1-hour and 24-hour averages respectively. For nitrosamine, the highest values were 4.00145×10 -5 and 4.07735×10 -5 ng/m 3 , respectively. In February 2000, historical meteorological data showed that the hottest month of 2000 was February with average daily temperature of 28 ºC [29] . However, the lowest calculated concentrations of all three compounds were observed in February. Particular meteorological features of the year 2000, including the temperatures could be responsible for these observations. The historical data of 2000 also showed that the windiest month of 2000 was February, with an average wind speed of 6 m/s [29] . The high speed wind could cause intensive atmospheric turbulence which can dilute the concentration values. 
Sensitivity analysis
In this case study, we consider the worst case scenario in sensitivity analysis. December data was selected for this task. Each scenario was run separately to generate concentrations of MEA, HCHO, and Nitrosamines (NS). The results are shown in Figure  3 below. The nitrosamines result is shown separately as unit difference. The parameters were changed based on the conditions of a Norway PCC project [9] . Figure 3 shows that changes to most of these parameters cause concentration values to increase except for case DEC4 where the exit velocity was increased to 20 m/s from 13.9 m/s. In DEC4 case, the increased exit velocity decreases MEA, HCHO, and NS by a factor of about 0.85. Figure 3 indicates that DEC2 has highest increase comparing to other case scenarios. In DEC2, the changed parameter is stack height where was decreased to 65 meters from 248 meters for both stacks. The lower stacks result in reduced plume rise resulting as expected in higher calculated concentrations as expected. The results shown in this DEC2 scenario are higher than other scenarios. The concentration values in DEC2 were about 3.16 times higher than for the original parameters, reaching 1-hour average values of 0.005835 and 0.011256 μg/m 3 for MEA and HCHO respectively. The nitrosamines 1-hour average value was about 1.2664×10 -4 ng/m 3 . The DEC1 scenario indicates that the concentrations are higher than original setting with a factor of 1.87 while decreasing the diameters of stacks to half size of original. DEC3 had exit temperature decreased to 30 ºC from 100 ºC. The temperature change caused 2.41 times increase on three compounds values. The four case scenarios represent only a simple sensitivity analysis; in future work calculations will be performed for different months and by changing multiple parameters. 
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Risk Assessment
As concentration values in December were the highest observed, we only use December data to consider risk assessment. The @RISK model was employed to calculate risk distribution in the study domain relying on the parameters in Table 3 . The risk distributions are shown in Figure 4 . USEPA has levels of concern associated with risk values ranging from one in a million to one in ten thousand [30] . EPA's goal is to keep risk value below 1×10 -6 . EPA takes action when the risk value is greater than one in ten thousand [30] . All risk values are below 1×10 -6 . The maximum risk value of nitrosamine was 2.383×10 -9 which is near three orders of magnitudes below 1×10 -6 . The formaldehyde maximum risk value was 1.967×10 -7 which is one order of magnitude below the USEPA level. The average risk value of formaldehyde was 3.758×10 -8 . The values are well below the level where action is required. The impact of introduction of PCC technology is small. Figure 4 also shows that the risk distribution was determined by the dominant wind direction which is southeast in summer and northwest in winter [31] . 
Conclusion
The study indicates that amine-based post combustion carbon capture technology does not cause large impact on environment and human health. Sensitivity analysis demonstrates power station parameters can have impacts on concentration changes. As nitrosamines and formaldehyde are carcinogenic, further sensitivity analysis may be required to provide appropriate guidance for the development of effective regulation of PCC and hence the implementation of commercial scale projects.
